f Leukocytes participate in the immune control of herpes simplex virus (HSV). Data from HIV coinfections, germ line mutations, and case reports suggest involvement of CD4 T cells and plasmacytoid dendritic cells (pDC). We investigated the relationships between these cells and recurrent genital herpes disease severity in the general population. Circulating CD4 T-cell responses to HSV-2 were measured in specimens from 67 immunocompetent individuals with measured genital lesion and HSV shedding rates. Similarly, pDC number and functional responses to HSV-2 were analyzed in 40 persons. CD4 responses and pDC concentrations and responses ranged as much as 100-fold between persons while displaying moderate within-person consistency over time. No correlations were observed between these immune response parameters and genital HSV-2 severity. Cytomegalovirus (CMV) coinfection was not correlated with differences in HSV-2-specific CD4 T-cell responses. The CD4 T-cell response to HSV-2 was much more polyfunctional than was the response to CMV. These data suggest that other immune cell subsets with alternate phenotypes or anatomical locations may be responsible for genital herpes control in chronically infected individuals.
M
ost recurrent genital herpes infections are caused by herpes simplex virus type 2 (HSV-2). For example, a large multicenter U.S. study found that 95.8% of recurrent genital herpes was due to HSV-2 (50) . The clinical and virologic severity of genital herpes simplex virus infection varies among otherwise healthy persons (57) , from asymptomatic to frequent, painful recurrent genital ulcerations. Similarly, the frequency of viral shedding in the genital area is highly variable. For example, in a recent PCRbased shedding study, some immunocompetent persons had HSV detected in the genital area on greater than 90% of days, whereas 16.6% remained without detectable virus even after daily testing for many weeks (57) . The determinants of severity are poorly understood but host immunity is generally felt to control recurrent HSV-2 infection in humans, as it worsens with iatrogenic or HIVinduced immune suppression (10) . These conditions are associated with diverse immune dysfunction, so that it has been difficult to determine which responses within which arm of immunity best correlate with HSV-2 severity. Among HIV-infected persons, the frequency of peripheral blood HSV-2-specific CD8 but not CD4 T-cell responses were correlated with HSV-2 severity (42) . Because innate and acquired human cellular immune deficiencies influence both CD8 and CD4 T cells to various extents, it has not been possible to discern the relative importance of CD8 versus CD4 T cells from studies of such individuals. Within the immunocompetent population, the roles that acquired and innate immunity, mobile and tissue-resident cells, and cell-intrinsic and cell-extrinsic factors play in the control of recurrent HSV-2 infection are currently unknown. Identification of such factors would facilitate vaccine design.
We investigated two aspects of the HSV-specific immune response for possible association with HSV-2 infection severity in immunocompetent persons. First we studied circulating CD4 Tcell gamma interferon (IFN-␥), interleukin-2 (IL-2) and tumor necrosis factor-␣ (TNF-␣) responses to HSV-2 antigen. HSV-specific CD4 T cells are present in blood, lesion and posthealing skin, the uterine cervix, dorsal root ganglia and corneal tissues (6, 9, 31, 32, 59, 60, 68) . These cells secrete antiviral cytokines and can kill HSV-infected cells (25, 65) . Next we evaluated the role of innate immunity by measuring the function and frequency of plasmacytoid dendritic cells (pDC). These cells are present in HSV lesions and blood (14) and represent a key link between innate and acquired immune responses as they detect HSV using innate receptors and respond by secreting large amounts of IFN-␣, TNF-␣, and other cytokines (46, 49) . pDC can also prime and recall HSVspecific CD8 T cells (14, 66) . A series of genetic lesions and idiopathic conditions are associated with deficient responses to HSV and with severe primary HSV infections (45, 55) . HIV coinfection is associated with low pDC numbers and poor pDC responses to HSV (1) . Decreased circulating pDC numbers and HSV responsiveness were seen in rare persons with HSV-1 retinitis (27) . Furthermore, pDC activation is amenable to pharmacologic manipulation by synthetic agonist compounds (37) . Knowledge of the possible association between pDC and genital herpes severity could assist with the design of treatment for HSV infections.
We defined HSV-2 infection severity by prospectively following a cohort of participants for frequency of viral shedding and genital lesions. Two separate cohorts were studied for each aim, with fresh blood samples used for analysis of pDC. Because cytomegalovirus (CMV) drives a very high magnitude antigen-specific CD4 T-cell response and CMV has been associated with immune suppression, we also investigated the influence of CMV coinfection on the magnitude of these responses (12) . The antigenic overlap between HSV-1 and HSV-2 led us to predict that HSV-1/HSV-2-coinfected persons might have higher CD4 T-cell responses to HSV-2 than persons infected only with HSV-2. The resultant data were analyzed to detect possible associations between these immune parameters and genital herpes severity.
MATERIALS AND METHODS
Participants and blood specimens. Two separate cohorts of HSV-2-infected persons participated in studies of immune parameters and genital herpes severity at the Virology Research Clinic. Both groups were HIV uninfected and had known HSV-1 infection status. Genital herpes severity was established by history, subject diaries, and daily self-collection of anogenital swabs for detection of HSV DNA as published (57) . Persons in the CD4 T-cell study had peripheral blood mononuclear cells (PBMC) cryopreserved from acid-citrate dextrose-anticoagulated blood. Participants in the pDC cohort donated heparin-anticoagulated blood that was processed within 6 h after phlebotomy. Participants in the CD4 T-cell and pDC studies did not have active genital lesions and were not receiving antiviral medications at the time of phlebotomy. For the pDC study, genital swabs for PCR detection of HSV were obtained on the day of phlebotomy (36) and data from samples taken when genital HSV DNA was detected were excluded. Most subjects in the pDC study contributed two or three independent blood specimens over a few-week period. The clinical and demographic characteristics of persons with HSV-2 infection undergoing intensive swab-and diary-based studies of HSV-2 severity at the Virology Research Clinic have been detailed in previous publications (5, 37, 57, 63) . Persons with shedding data and current contact information were contacted without knowledge of their severity data and interested potential participants were serially screened and enrolled if qualified over a 12-month period.
An additional CD4 T-cell specimen set was obtained from persons who donated serial blood specimens after a documented HSV-2 genital recurrence. These individuals had blood obtained during the recurrence, at which time oral acyclovir was administered and then it was readministered periodically thereafter. Antiviral therapy during follow-up was individualized in this group. Genital herpes severity measures were not collected from the CD4 T-cell longitudinal cohort. Cryopreserved PBMC from one HSV-1/HSV-2 doubly seronegative person were used as replicate aliquots as a negative control for the CD4 T-cell studies. Persons who were HSV-1/HSV-2 doubly seronegative were randomly enrolled as controls for the pDC study. HSV-1 and HSV-2 infection status was determined by using the University of Washington immunoblot assay (3), and CMV serostatus by using a CMV IgG enzyme-linked immunosorbent assay (ELISA)-II (Wampole, Princeton, NJ). HIV-1 antibodies were absent according to a screening enzyme immunoassay (EIA) (HIV 1/2 Plus; Bio-Rad, Hercules, CA), and no subjects were receiving immune suppressive medications at the time of phlebotomy. Persons receiving systemic corticosteroids or with active malignancy or autoimmune disorders were excluded. The University of Washington institutional review board approved all protocols and all participants provided written informed consent.
Measurement of HSV-2 severity. Subjects collected swabs of the anogenital area once per day that were transported to the lab in PCR buffer (24) . Detection of HSV DNA was performed with a highly sensitive PCR assay that has been extensively documented (24, 36, 61) . Shedding rate was calculated as the number of swabs with detectable HSV DNA divided by the total number of swabs collected (36) . Similarly, lesion rate was calculated as the number of days with genital lesions noted in the diary divided by the number of days of observation.
Immune tests. CD4 responses were measured by intracellular cytokine cytometry (ICC) as described previously (34) , with slight modifications. PBMC were stimulated with UV-killed cell-associated HSV-2. This HSV-2 was prepared by lysing, via sonication, Vero cells showing 100% cytopathic effect by light microscopy (68) . The HSV-2 antigen is used at an estimated multiplicity of infection of 1 PFU of HSV-2 per responder cell, calculated from the titer of the HSV-2 stock obtained prior to UV inactivation. Negative controls were a similar dilution of an uninfected Vero cell sonicated lysate otherwise prepared identically to the viral antigen preparation and media. UV treatment was done to increase biological safety. Each stimulus was done in duplicate or triplicate using T-cell medium (TCM) (30) 
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Ϫ CD4 ϩ cells on a Canto II (BD) using Flowjo (Treestar, Ashland, OR). The net endpoint for HSV-2-specific CD4 T cells for each subject, calculated for each cytokine or combination, was calculated with two correction steps for negative controls. The positive-negative fluorescence intensity cutoff for each cytokine was held constant for both corrections. In the first step, the mean percentage of live CD3 ϩ CD8 Ϫ CD4 ϩ lymphocyte-gate cells responsive to HSV-2 and stained with isotype control antibodies was subtracted from the percentage of these cells stimulated with HSV-2 and staining positive with anticytokine antibodies. In the second step, the mean percentage of cytokine-positive cells for cells stimulated with Vero control lysate and stained with anticytokine antibodies was then subtracted to yield the final values. Human CMV lysate (Advanced Biotechnologies, Columbia, MD) at 1:1,000 and Staphylococcus aureus enterotoxin B (SEB) (Sigma) were additional test stimuli. Endpoints were calculated similarly using media stimulation and anticytokine antibodies as a single negative control. Specimen sets from persons with data for multiple time points were run simultaneously. PBMC from an HSV-1/ HSV-2-seronegative control were included in every run.
For absolute pDC counts, 100 l whole blood was incubated in Trucount bead tubes (BD) with 100 l fluorescence-activated cell sorter (FACS) buffer containing anti-BDCA2-APC, anti-BDCA4-PE, and anti-CD123-FITC (1:40 final dilution each) (Miltenyi, Auburn, CA). The samples were incubated for 30 min at room temperature, protected from light. Subsequently, 900 l FACS lysing buffer (BD) was added and samples were similarly incubated. The number of beads detected was used to calculate the absolute number of cells/l positive for combinations of surface markers. Analysis was gated on single cells in the lymphocyte region (Flowjo). Cells staining doubly positive for any combination of two pDC markers were considered to be pDC. The number of pDC per microliter of blood was calculated using the percentage recovery of beads (22) .
pDC reactivity tests used 1 ϫ 10 6 PBMC immediately after Ficoll enrichment in 96-well U-bottom plates in 200 l of RPMI 1640 with 10% fetal bovine serum (FBS), 15 mM HEPES, 1:100 nonessential amino acids, 2 mM L-glutamine, and penicillin, streptomycin, and gentamicin (Invitrogen). Positive control stimuli were CL097 [Toll-like receptor (TLR)7/8 agonist] at 2.5 g/ml, type A CpG ODN2216 (TLR9 agonist) at 5 and 50 g/ml, Pam3CSK4 (TLR1/2 agonist) at 1 g/ml, high-molecular-weight poly(I · C) (TLR3 agonist) at 10 g/ml; negative-control stimuli were media and ODN2216 type A negative control HODNAC-1 at 5 g/ml (all Invivogen, San Diego, CA). HSV-2 strain 186 was grown in Vero cells (29) that were Mycoplasma-free (Lonza, Allendale, NJ). The titer of viral stocks was determined by plaque assay in Vero cells, and the virus was used at estimated multiplicities of infection of 100, 10, or 1. Live virus was used in accordance with previous reports (1). All stimulations included 2.5 g/ml brefeldin A (Sigma) for the last 4 of 5 total hours at 37°C, in 5% CO 2 . Cells were collected by centrifugation and surface stained with 2. neg and then as HLA-DR pos and lineage neg . Statistical analysis. Pearson correlations were used to examine the relationships between cytokine expression and severity outcomes, and between expression levels from different cell types. With a sample size of 60, we estimated 63% power to detect correlations of 0.3 or higher, 86% power to detect correlations of 0.4 or higher and 97% power to detect correlations of 0.5 or higher. Because not all samples were collected at the same time as the swabs for HSV, we used linear regression to assess whether the time interval to collection of samples for PBMC might confound the relationship between cytokine response and severity outcomes. The Wilcoxon rank-sum test was used for comparisons between groups such as those subjects with differing CMV status, and the Wilcoxon signed-rank test was used for paired comparisons within persons. Log transformations were used prior to testing for noncentrally distributed measures, including the percentage of CD4 T cells expressing cytokines. Two-sided P values equal to or less than 0.05 were considered significant. Associations between clinical outcomes and pDC number and function were tested using linear regression for correlated measures, also called generalized estimating equations (GEE). These methods account for the association between repeated sampling performed on the same individuals over time (13) . Data from repeated blood samples from the same subjects were analyzed using variance components analysis (40) . Analysis was performed in SAS 9.3 (Cary, NC).
RESULTS

Correlation of CD4 T-cell responses with genital herpes severity.
Among 67 HSV-2-seropositive participants enrolled in the cross-sectional CD4 T-cell study, 36 (54%) were women and most (87%) were Caucasian. HSV-1 coinfection was present in 30 (45%) of the participants ( Table 1 ). The median interval between collection of severity data and PBMC was 0.8 years (range, Ϫ2.0 to 13.6 years).
The ICC assay performance characteristics were consistent with accurate detection of antigen-specific CD4 T-cell responses (for results for a representative subject, see Fig. 1A and B) with very low background reactivity to negative-control antigens. Every participant had absolute mean percentages of CD4 T lymphocytes responsive to mock Vero antigen and to media of less than 0.2%. The HSV-seronegative control participant had net CD4 Tcell responses to HSV-2 of Ͻ0.05% for each cytokine or combination in each of 8 assay runs. All specimens were reactive with SEB. The median percentage of CD4 T cells expressing any cytokine or combination of cytokines in response to SEB was 18.74% (range, 2.18% to 34.96%).
HSV-2-seropositive persons had discrete CD4 T-cell cytokine responses to whole HSV-2 antigen. We noticed a considerable dynamic range for each cytokine. The median abundance of HSV-2-specific CD4 T cells expressing IFN-␥ in PBMC was 0.31% and ranged from 0.04% to 3.77%. Nine of the 67 subjects (13%) had greater than 1% response levels, and 11 (16%) had IFN-␥ responses of Ͻ0.1%. The net IL-2 and TNF-␣ responses were similarly broad, ranging from 0.05% to 3.39% and from 0.04% to 4.66%, respectively.
The proportions of CD4 T lymphocytes expressing IFN-␥ did not correlate with the genital HSV shedding rate or lesion rate (Fig. 2) . No statistically significant correlation was found between any pattern of single, double, or triple cytokine expression for IFN-␥, IL-2, and TNF-␣ by circulating HSV-2-specific CD4 T cells and shedding rates or lesion rates (Table 2) . Using interaction terms in linear regression, the time between PBMC collection and the measurement of genital herpes severity did not influence the relationship between severity measures and ICC results (P Ͼ 0.2 in all analyses).
HSV-2-specific CD4 T-cell responses and viral coinfection. Because HSV-1-specific CD4 T cells can cross-react with HSV-2 (30) and HSV-1 infection may give protection against HSV-2 infection or disease (10), we assessed the relationship between HSV-1 coinfection and the magnitude of the HSV-2-reactive CD4 T-cell population. There was a trend (P ϭ 0.073) for persons infected with both HSV-1 and HSV-2 to have a lower proportion of total circulating HSV-2-reactive CD4 T cells. The median abundance for coinfected persons (n ϭ 30) was 0.37% (range, 0.09% to 1.44%) while the median abundance for persons seropositive for HSV-2 only (n ϭ 37) was 0.68% (range, 0.08% to 4.73%).
CMV infection status was measured in 25 of the 67 participants (37%) and 16 (59%) were positive for CMV infection. Overall, CD4 T-cell responses to CMV were higher than responses to HSV-2. The mean Ϯ standard deviation for the abundance of CD4 T cells with any pattern of response to CMV among the CMVseropositive participants was 2.95% Ϯ 3.16% (range, 0.21% to 11.78%). CMV-seronegative persons (n ϭ 9) had a mean Ϯ standard deviation of 0.06% Ϯ 0.02% (range, 0.03% to 0.10%) of CD4 T cells with any reactive cytokine pattern in response to CMV (P Ͻ 0.001 for difference between CMV seropositive and CMV seronegative). These CMV-specific CD4 T-cell responses had no overlap between the CMV-seropositive and CMV-seronegative persons.
This allowed us to set a response cutoff of 0.15% of CD4 T cells reactive with CMV and use this to impute the CMV infection status of the remaining 42 participants. An additional 30 persons were categorized as CMV infected and an additional 12 persons were classified as CMV uninfected on the basis of their CD4 T-cell tests.
We found no association between the presence or absence of CMV infection and the percentage of HSV-2-specific CD4 T cells with any cytokine response pattern, either among the 25 subjects with known CMV serostatus (P ϭ 0.33) or among the overall group of 67 participants, after imputing CMV serostatus as described above (P ϭ 0.44). Among persons coinfected with HSV-2 and CMV (n ϭ 46), the overall magnitude of the CD4 T-cell response was significantly larger for CMV than for HSV-2 (Fig. 3A , most points above the x ϭ y diagonal line) (P Ͻ 0.001). CD4 T-cell responses to HSV-2 were not lower in persons with large responses to CMV. To the contrary, there was a weak direct corre- lation between the magnitude of CMV and HSV-2 CD4 T-cell responses ( ϭ 0.29, P ϭ 0.049) such that persons with larger responses to CMV tended to have larger responses to HSV-2. Significant differences in CD4 T-cell polyfunctionality were observed between CMV-and HSV-2-specific CD4 T cells. Results for a representative subject (Fig. 1B) show that HSV-2-specific CD4 T cells were likely to have multiple cytokine responses. In contrast, CMV-reactive CD4 T cells were often monofunctional for IFN-␥. Among reactive cells, the median percentage that were polyfunctional, expressing at least two cytokines from among the three measured, was 77.2% (range, 33.1% to 95.7%) for HSV-2 but was only 55.8% (range, 9.1% to 87.7%) for CMV (P Ͻ 0.0001) (Fig. 3B , most points below the x ϭ y diagonal line). There was no significant correlation between the proportions of polyfunctional CD4 T cells for the two viruses ( ϭ 0.24, P ϭ 0.12).
Stability of CD4 T-cell responses over time.
To further investigate whether CD4 T-cell responses to HSV-2 remain stable over time, we examined PBMC specimens (n ϭ 39) collected longitudinally from five additional subjects during symptomatic genital HSV recurrences (9 specimens) and several weeks to months afterwards (30 specimens). In this substudy participants took oral acyclovir when lesions were present. The percentage of CD4 T cells expressing IFN-␥ in response to HSV-2 fluctuated during and shortly after recurrent HSV-2 lesions but then showed relative stability (Fig. 4) . Findings were similar for the other patterns of single, double, and triple cytokine responses (not shown). Variance components analysis indicated that 77% of the variability in the percentage of CD4 T cells with any pattern of positive cytokine response to HSV-2, after conversion to a log 10 value, was due to interindividual variability (40) . The proportion of variability attributable to participant identity increased to 97% when we excluded samples obtained within the first 2 weeks of genital herpes recurrence.
Correlation between pDC number and HSV-2 severity. pDC concentrations per volume of blood were measured in 40 HSV-2-infected persons and 8 HSV-uninfected individuals. Each method of counting pDC, using the number of cells positive for two of the three pDC markers, gave almost identical pDC counts for each specimen (for representative data, see Fig. 1C ). These three raw counts were averaged to give the final count per specimen. Among the 40 HSV-2-infected participants with samples obtained when not shedding, most contributed two specimens, and 74 samples were assessed. The 8 HSV-1/HSV-2-seronegative control individuals contributed 13 samples. There was a 32-fold range of pDC concentrations in blood, from 1.4 to 45.2 cells/l (median 11.0 cells/l), among the 40 HSV-2-infected persons. Within this range, within-person pDC numbers appeared stable over time in most individuals (Fig. 5A) . We found that 67% of the variability in pDC concentration in the blood was attributable to interparticipant differences.
pDC number was not associated with genital herpes lesion rates (P ϭ 0.36) or shedding rates (P ϭ 0.31) (Fig. 6A, top) . There was no association of pDC concentration per l of blood with gender. To examine the possible relationship between pDC numbers and innate resistance to HSV acquisition, we compared the 
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Ϫ CD4 ϩ T cells expressing IFN-␥. PBMC were collected and frozen, and then all samples for each participant were run on the same day. Red data points are times at which HSV-2 was detected by PCR from genital specimens.
average pDC numbers between the 40 HSV-2-infected and 8 HSV-uninfected persons and found no difference (median count, 11.0; mean, 12.4; standard deviation, 7.3) versus 13.1 (mean, 14.2; standard deviation, 4.4) cells/l, respectively, P ϭ 0.09).
Correlation between pDC function and genital herpes severity. Next, we examined the possible correlation between pDC functional responses and recurrent genital herpes severity in immunocompetent persons. The pDC were stimulated shortly after phlebotomy and separation from plasma. A distinct population of pDC were readily identifiable (Fig. 1D) . Human pDC are known to express TLR7, TLR8, and TLR9 but not TLR2 or TLR3. The reactivity of the gated pDC was consistent with accurate identification. Most subjects had brisk responses for both IFN-␣ and TNF-␣ in response to the positive-control TLR7/TLR8 agonist CL0907 and to the TLR9 agonist CpG DNA (for representative data, see Fig. 1E ) but only weak responses to the CpG negative control and no response to the TLR1,2 heterodimer agonist PAM3CSK4 or to the TLR3 agonist poly(I · C).
There was a considerable dynamic range in the pDC cytokine response to live HSV-2. The median percentage of pDC expressing IFN-␣ in response to live HSV-2 at a multiplicity of infection (MOI) of 100 was 14.7 (range, 0.7 to 47.6). Responses to lower doses of HSV-2 were markedly lower. Within-subject stability over time was again observed (Fig. 5B) . We found that 38% of the variability in pDC IFN-␣ responses to HSV-2 at MOI 100 was attributable to participant differences. Similar stability was also detected for responses to the TLR7/TLR8 and TLR9 agonists (not shown).
We found no association between HSV shedding or lesion rate with the expression of the cytokines IFN-␣ and TNF-␣ (alone or in combination) in response to HSV-2 (Fig. 6A, lower row; Table  3 ). Similarly, there was no correlation between either measure of HSV severity and any pattern of cytokine response after stimulation with any of the TLR positive-control agonists (not shown). We compared pDC reactivities to HSV-2 or control stimuli between the HSV-2-infected (n ϭ 40) and HSV-uninfected (n ϭ 8) persons and found no difference in IFN-␣ production (P ϭ 0.22). Because of the unexpected dynamic range in pDC reactivity to HSV-2, we analyzed whether pDC cytokine responses to HSV-2 were correlated within individuals with responses to TLR9 and TLR7/TLR8 synthetic agonists. In preliminary dose-response experiments, responses to CpG were equivalent at 50 g/ml and 100 g/ml while responses to CpG DNA at 5 g/ml were generally quite low, such that the plateau dose of 50 g/ml was used throughout. The percentage of circulating pDC expressing IFN-␣ in response to HSV-2 at MOI 100 was strongly associated with responses to CpG DNA at 50 g/ml (Fig. 6B, left; ϭ 0.52, P ϭ 0.0002) and somewhat associated with responses to CL097 (Fig.  6B, right; ϭ 0.29, P ϭ 0.044). Similar trends were observed for TNF-␣ stimulation such that the percentage of pDC expressing TNF-␣ in response to HSV-2 at MOI 100 was better correlated with TNF-␣ responses to CpG DNA at 50 g/ml ( ϭ 0.50, P ϭ 0.0003) than to CL097 ( ϭ 0.21, P ϭ 0.16).
DISCUSSION
In this study, we sought to identify immune correlates of genital herpes severity, defined both clinically and virologically. However, no association between expression of IFN-␥, IL-2 or TNF-␣ by HSV-2-stimulated circulating CD4 T cells and genital HSV shedding or lesion rates was noted. We also did not observe any correlation between either the number or function of pDC in the blood and genital herpes severity. Other immune cell subsets or functions, cell populations resident at sites of HSV-2 reactivation or latency, or other host or viral factors may be more closely related to the spectrum of recurrent genital severity in the general population. To our knowledge, the only prior report of an immune correlate of genital herpes severity was that circulating HSV-2-specific CD8 T cells were found to have an inverse relationship correlate with genital herpes severity in a cross-sectional study of HIV-coinfected persons (42) . More recently, tissue residentmemory HSV-specific CD8 T cells have been convincingly demonstrated using in situ analyses in both animal models and human genital HSV-2 specimens (16, 69) . The ability of HSV-specific CD4 memory T cells to persist at sites of infection may differ between species, with human studies also indicating that these T cells can have prolonged residence in healed skin and could participate in modulating HSV recurrences (17, 68) . Inclusion of CD8 T-cell and local T-cell measures in future studies is a technically challenging but compelling goal for future research on the correlation of immunity and HSV severity.
Previous studies of PBMC from HSV-infected persons focused mostly on orolabial herpes and suggested a correlation between higher IFN secretion and increased time to next HSV recurrence (11, 44) . Similar work with PBMC from patients with symptomatic orolabial HSV infection suggested that lower levels of CD4 T-cell-secreted IFN-␥ were associated with more frequent recurrences (19, 38) . Spruance et al. found that secretion of IFN-␥ and IL-2 by cultured PBMC, in a format emphasizing CD4 T cells, tended to be lower in symptomatic than in asymptomatic HSV-1-infected persons (52). Chentoufi et al. observed an association between fine antigenic specificity of circulating HSV-1-specific CD4 T cells and participant-reported orolabial HSV severity (8) . In contrast, in the setting of genital herpes we did not observe a correlation between circulating CD4 T-cell responses to HSV-2, as measured by cytokine-based enumeration, and HSV severity. This agrees with a previous investigation of HSV-2/HIV-1-coinfected persons in whom anogenital HSV-2 clinical severity did not correlate with HSV-2-specific CD4 T-cell responses (42) .
An important implication of our findings is that immune manipulations that simply increase the total number of Th1-like circulating CD4 T cells without also inducing other effector cells or cells at sites of infection are unlikely to have a significant impact on genital herpes severity or on the intensity of HSV shedding. CD4 T cells alone do not seem to be biologically active in the setting of preventative vaccination for HSV-2. In a recent phase III study of a subunit HSV-2 vaccine, CD4 T-cell responses analyzed for the cytokines investigated in this study and also for CD40L did not correlate with vaccine efficacy in a case-control analysis (4). Interestingly, the vaccine may have protected against HSV-1 acquisition, and the subunit antigen used was very sequence-similar between HSV-1 and HSV-2. At the level of individual CD4 T-cell epitopes, a quite clear distinction can be drawn between epitopes recognized by HSV-2 only or both HSV-2 and HSV-1 (30) . Because of this difference in protection afforded by an antibody and CD4-targeted vaccine, it is possible that studies of acquired CD4 responses and HSV-1 severity could reveal associations not noted in the current work. Vaccine formats that can induce strong antigen-specific CD8 T-cell responses to HSV-2 have already been tested in humans (62) . It may be important to combine these types of approaches with methods to optimize the homing of these effector cells to sites of HSV exposure and recurrence.
Our data on viral coinfections revealed two surprising findings. First, HSV-1 coinfection was not associated with an increase in CD4 T-cell responses to HSV-2. As our recent comprehensive discovery effort for HSV-1 T-cell epitopes showed that about 50% are sequence-identical with HSV-2 (25), we expected that total HSV-2 CD4 responses might be higher in coinfected persons if the intensity of local antigenic exposures led to increased systemic T-cell levels. We actually observed a trend toward lower HSV-2-specific CD4 T-cell levels in persons coinfected with HSV-1 and HSV-2 that did not reach statistical significance. HSV-2 infection, typically acquired later in life than HSV-1, does not seem to add an increment to cross-reactive T-cell responses. Our data are in agreement with the findings of Schmid et al. (47) , who used a PBMC enzyme-linked immunosorbent spot assay (ELISPOT) and observed the same inverse trend of lower responses to HSV-2 in HSV-1-coinfected persons.
The second surprising finding was the direct correlation between the magnitudes of the HSV-2 and CMV-specific CD4 T-cell immune responses among CMV-and HSV-2-coinfected persons. We did confirm the observations of others that CMV infection can lead to large accumulations of CMV-specific CD4 T cells (54) and found that CMV-specific CD4 T-cell responses were usually but not invariably larger than the corresponding HSV-2-specific responses. The magnitude of integrated CD4 responses to HSV-2 detected in the present study is also generally similar to that noted by two independent labs (2, 21) . We initially hypothesized that the magnitude of the HSV-2-specific CD4 T-cell response would be lower in persons coinfected with CMV and HSV-2 than in those not infected with CMV, but in fact our findings were the opposite. The possible immune suppressive effects of CMV (26, 43, 58) , including its association, if any, with the severity of HSV infections, require additional study. These effects have been most prominently investigated in the setting of human aging (28) , and our study population contained few people in their seventh decade of life or older. The predilection for HSV-2-specific CD4 responses to be more polyfunctional than CMV-specific CD4 Tcell responses has been previously noted, albeit without withinsubject pairwise analyses (20) . Based on our finding that HSV-2-specific CD4 T cells are mostly polyfunctional, we predict that relatively few will be CD57 ϩ effector-memory cells expressing lytic molecules as are seen for CMV (7), but further research into the phenotype of HSV-2-specific CD4 T cells is required.
Of note, despite the collection of PBMC for CD4 T-cell tests at various time intervals from the collection of genital herpes severity data, our results correlating CD4 responses and genital herpes severity remained robust and did not change after we adjusted for this time interval. Longitudinal CD4 T-cell studies in HSV-2-infected subjects showed that the variable acute changes associated with a clinical recurrence were followed by relative stability. The fact that our specimens for CD4 T-cell analyses were collected during these stable periods argues against a strong influence by time gaps between the collection blood for CD4 T-cell measures and the collection of virologic severity data. Higher-temporalresolution studies surrounding genital herpes recurrences will be required to determine if recurrences lead to predictable acute fluctuations in circulating CD4 T cells. pDC were defined by Siegal et al. (49) as the natural interferonproducing cells in PBMC responding to HSV (15) . Several genetic defects in TLRs and their signaling pathways are associated with both severe primary HSV-1 infection and deficient responses to HSV and synthetic TLR agonists (41, 45, 67) . The precise viral and host molecules involved in HSV detection by pDC are still controversial. Our data are consistent with the sensing of HSV-2 by TLR9, although it is also possible that an underlying variable in the pDC activation threshold could influence reactivity to both HSV-2 and synthetic TLR9 agonists. Animal data indicate that TLR9 can sense HSV and modulate HSV pathogenesis (35, 51) . Thus far, the one study of human TLR9 genetic variants and genital HSV severity did not detect any relationship (5) . Persons with defects in molecules downstream of TLR7, TLR8, and TLR9 do not exhibit a phenotype of severe HSV infections (39) . A recent study (64) correlated TLR3 genotypes and circulating NK-cell responses to TLR3 agonists with HSV-1 severity, indicating that these cells should be included in future work. While we did detect a considerable dynamic range in both circulating pDC number and reactivity to HSV-2, we did not observe any correlation of these pDC measures with either genital herpes lesion severity or viral shedding. This does not rule out a local role for pDC in recurrent genital herpes or the possibility that these mobile cells could shift in or out of the blood or tissues during or after recurrences. Future studies, requiring timely processing of fresh blood on multiple days, will be required to determine if pDC number or function shift is dynamically related to symptomatic recurrent HSV-2. We chose to study pDC reactivity to HSV-2 for 5 h, based on literature reports (1, 23) and the fact that pDC are labile and start to die upon prolonged culture. It is possible that use of other durations of incubation would lead to contrasting results. pDC can display dynamic differences in maturation status (48) and studies of maturation markers would also be of interest. As the molecular and structural details of pDC triggering by HSV are not completely understood, it is possible that HSV-1 and HSV-2 differ in this regard and that studies of HSV-1 severity and pDC biology would reveal associations that we did not observe in this study for HSV-2. The causes and consequences of the relatively stable interindividual differences in pDC number and function between persons remain undefined. pDC do express chemokine receptors suitable for homing to sites of inflammation and infiltrate the skin in HSV-2 lesions (14) and autoimmune conditions (56) . It is not known if pDC are retained at mucosal sites after HSV clearance.
A strength of our study is that it included prospective, objective ascertainment of disease severity as defined by both clinical and virologic outcomes that provide precise data with which to explore the relationship between cellular immunity and the natural history of genital herpes infection. In addition, in our investigation we enumerated antigen-specific CD4 T cells and studied three cytokines. Prior studies used self-reported recurrence frequency for severity, did not enumerate the number of antigen-reactive cells, and focused on IFN-␥ alone. Our study focused on anogenital rather than orolabial herpes. It is possible that the immune parameters controlling HSV-1 and HSV-2 infection differ. Because most recurrent orolabial herpes is due to HSV-1 infection and most recurrent genital herpes is caused by HSV-2 (10), the conclusions of previous studies focusing on orolabial herpes and HSV-1 (8, 19, 38, 53) may not apply to recurrent genital herpes.
Perhaps the most important limitation of our study is that it was limited to PBMC. Circulating cells may not reflect mucosal immunity, in which a complex milieu including compartmentalized virus-reactive T cells may influence HSV disease course (68, 69) . Antigen-specific CD4 T cells can persist at the site of healed herpes (68) or be recruited from the periphery during recurrences (17) . Little is known concerning the comparative phenotype or specificity of tissue-resident memory versus circulating HSV-specific CD4 T cells. HSV-2-specific CD4 T cells have additional effector functions, including cytotoxicity and CD40L expression (18, 30) , that were not measured in this study. The limited sample size and sampling period for our HSV-shedding studies could have also led to misclassification of true shedding rates, such that larger cohorts or longer severity measurement periods could have allowed biological signals to emerge. The HSV antigen we used was previously shown to include nonstructural as well as structural viral proteins (25, 33) but it is possible that PBMC could contain T lymphocytes nonresponsive to the HSV-2 preparations used in this report. Another possible limitation of our study was the use of ICC rather than of ELISA to measure cytokine reactivity to HSV-2. ICC has the advantage of positively identifying and enumerating the number of reactive cells but the potential disadvantage of not capturing responses by cell populations not specifically gated for during analysis. Cytokine ELISAs can reflect the net, integrated response of all cells but do not provide information concerning the number or identity of reactive cells. The inclusion of brefeldin A during the stimulation for ICC assays prevents ELISA from being performed on the same set of stimulated cell specimens, because this compound inhibits protein egress from cells. Advances in multiplex cytokine ELISA methods suggest that such assays to identify biomarkers of HSV severity may be rational in the future. Multiplex reverse transcription-PCR (RT-PCR) to measure RNA levels is another attractive assay to measure multiple immune parameters in innate or acquired cell populations responding to microbial antigens.
In summary, we have completed a detailed study of the number and function of circulating HSV-2-specific CD4 T cells and of pDC in immunocompetent persons with recurrent genital herpes infection. No correlations were noted between several parameters concerning these cell types and either objectively measured genital HSV shedding or prospectively noted genital lesions. Our data are consistent with neutral influences of HSV-1 on the CD4 T-cell immune response to HSV-2 and with pDC innate sensing of HSV-2 via TLR9. Our data do not support the simple use of PBMC Th1 CD4 T-cell parameters as either a goalpost for vaccine-induced immune responses or as the sole surrogate immune measure of the efficacy of HSV vaccines. Future research will optimally include detailed analyses of defined subsets of these circulating cell types, of CD8 T cells and NK cells, and also of their trafficking and localization to sites of infection.
